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Endoplasmic reticulum (ER) stress is actively involved in
acute organ injury. Since tumor necrosis factor a (TNFa) plays
a role in acute kidney injury, and induces ER stress and cell
death in vitro, we examined the contribution of TNFa to acute
kidney ER stress induced by tunicamycin. Contrary to
expectation, tunicamycin caused much more severe kidney
injury in TNFa/ than in wild-type mice. The major site of
kidney injury in TNFa/ mice was proximal tubules, which
showed extensive cell vacuolation, lipid accumulation, and
apoptosis. Reconstitution of TNFa/ mice with TNFa 24h
before tunicamycin injection reversed the susceptibility.
When TNFa-receptor-deficient mice were treated with
tunicamycin, severe renal injury developed in TNFR1/
but not TNFR2/ mice, suggesting this aspect of TNFa
action was through TNF receptor-1 (TNFR1). In response to
tunicamycin-induced acute ER stress, kidneys from neither
TNFa/ nor TNFR1/ mice showed a significant increase
in phosphorylated eukaryotic translation initiation factor 2a
(eIF2a), a key step in ER stress regulation. Moreover, proximal
tubular cells from TNFR1/ mice did not show increased
eIF2a phosphorylation in response to tunicamycin and were
susceptible to ER stress-induced cell death. Finally, treatment
of proximal tubule cells isolated from TNFR1/ mice with
an inhibitor of eIF2a phosphatase increased the levels
of phosphorylated eIF2a and substantially reduced
tunicamycin-induced cell death. Thus, disruption of TNFR1
signaling leads to dysregulation of eIF2a and increased
susceptibility to acute ER stress injury in the kidney.
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Acute kidney injury caused by ischemia, drug toxicity, or
infection is an important health problem. Although the
mechanism of acute kidney injury likely varies among
different causes, common factors such as oxidative stress,
decreased energy supply, as well as inflammation are
implicated in its pathogenesis.1–5 Endoplasmic reticulum
(ER) stress is an important form of cellular stress that occurs
because of the accumulation of excessive amounts of
unfolded proteins in the ER.6,7 Three major ER stress
response pathways have been identified in mammals: (1)
pancreatic ER kinase (PERK)-eukaryotic initiation factor 2a
(eIF2a),8,9 (2) inositol-requiring enzyme 1 (IRE1)–X-box
binding protein 1 (XBP-1),10–12 and (3) activating transcrip-
tion factor (ATF6) pathways.13–15 Activation of eIF2a
decreases protein synthesis. XBP-1 increases cellular degrada-
tion of unfolded proteins. ATF6 enhances the protein folding
machinery. Thus, all three pathways are critical for handling
ER stress and for return to normal homeostasis.16,17 The
presence of unresolved ER stress can cause cell death,
inflammation, and excessive oxidant production.18–21 There-
fore, chronic ER stress is thought to be involved in
atherosclerosis, diabetes, and neurodegenerative diseases.22–24
As multiple factors that are present in acute kidney injury
such as hypoxia, free radicals, and a reduced supply of
glucose and amino acids are known to cause ER stress,25–28
this stress may be involved in the pathogenesis of acute
kidney injury. This hypothesis is consistent with the
observation that the administration of a single ER stress-
inducing agent (tunicamycin) is sufficient to cause acute
kidney injury in animals.17,18 Tunicamycin is an inhibitor of
N-acetylglucosamine phosphotransferase, an enzyme that
catalyzes the first step of protein N-glycosylation. Tunicamycin
induces the accumulation of unfolded proteins and extensive
ER stress in vivo and in vitro.16,17 In this study, we examined
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ER stress in the kidneys of tunicamycin-treated mice. Tumor
necrosis factor-a (TNFa) induces ER stress in cultured cells,
is a pro-death and proinflammatory cytokine, and has been
shown to actively participate in acute kidney injury.29–32
Therefore, we examined the contribution of TNFa to acute
ER stress kidney injury.
RESULTS
Tunicamycin induced acute ER stress in kidney and caused
pronounced damage in proximal tubules
The levels of glucose regulatory protein 78 (GRP78), a
marker for ER stress, were significantly increased in kidneys
24 h after tunicamycin injection (Figure 1a). The levels of
phosphorylated eIF2a and XBP-1 splicing were elevated, an
evidence that ER stress pathways were activated in the
kidneys of tunicamycin-treated mice (Figure 1b). Histological
evidence of renal tubular damage was seen 48–72 h after
tunicamycin injection, and was characterized by vacuolation
of tubular cells and nuclear changes including chromatin
condensation, pyknosis, and fragmentation. Cleaved poly
ADP ribose polymerase and cell apoptosis were observed in
the kidneys of tunicamycin-treated mice (Figure 1). As the
morphological injury seemed to predominate in proximal
tubules, sections were stained for alkaline phosphatase, a
proximal tubular cell marker. The number of alkaline
phosphatase-positive proximal tubules was visibly decreased,
and urinary alkaline phosphatase activity was significantly
increased in tunicamycin-treated mice (Figure 2). Double
staining showed that apoptotic cells were localized in alkaline
phosphatase-positive proximal tubules, whereas tubules
positive for aquaporin 2, a marker for collecting ducts, were
essentially negative for apoptosis (Figure 2). Proximal tubular cells
in vitro were also found to be more susceptible to tunicamycin-
induced cell death compared with distal tubular cells.
More severe acute ER stress kidney injury in TNFa-deficient mice
As TNFa is actively involved in acute kidney injury,30,31 we
examined serum and kidney TNFa levels in tunicamycin-
treated wild-type mice. Serum TNFa levels were not
significantly increased at 24–72 h after tunicamycin injection.
Kidney TNFa mRNA and protein levels and TNF receptor 1
and 2 (TNFR1 and TNFR2) mRNA levels remained largely
unchanged (data not shown). However, tunicamycin-treated
TNFa/ mice had a much more extensive and severe
ER stress injury in kidney compared with wild-type mice
(Figure 3a and b). Histologically, 480% of tubules in the
cortex and at the corticomedullary junction in TNFa/
mice (Figure 3c) were affected, whereas the injury in wild-
type mice occurred predominantly inB20% of tubules at the
corticomedullary junction. There was a substantial reduction
in the number of alkaline phosphatase-positive tubules in
tunicamycin-treated TNFa/ mice when compared with
wild-type mice (Figure 3d and e). When alkaline phosphatase
staining was present in TNFa/ mice, it was irregular,
suggesting that the brush border was less well preserved
(Figure 3e). Additionally, tunicamycin-treated TNFa/ mice
had increased alkaline phosphatase in the urine (Figure 3f).
Apoptosis was prominent in the kidneys of TNFa/ mice.
Double staining for apoptosis and aquaporin 2 showed that
apoptosis occurred mostly in tubular cells other than collecting
ducts in both wild-type (Figure 3g) and TNFa/ mice
(Figure 3h). The number of apoptotic cells was 7.5-fold higher
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Figure 1 | Tunicamycin-induced ER stress kidney injury. (a) Representative gel of western blot shows that the levels of GRP78 and
phosphorylated eIF2a are increased in mouse kidney 24 h after tunicamycin (tuni) injection. (b) RT-PCR. Spliced XBP-1 is present in
tunicamycin-treated mouse kidney. (c) Normal renal histology of control mouse. (d) Renal histology of mouse killed 72 h after tunicamycin
injection. Tubular vacuolation (light green arrow) and nuclear changes (dark green arrow) are prominent. (e) Cleaved PARP is present only in
tunicamycin-treated mouse kidney. (f) Appearance of apoptotic cell death in the kidney from tunicamycin-treated mouse. TUNEL staining
was performed. Arrow points to apoptotic cell. eIF2a, eukaryotic translation initiation factor 2a; ER, endoplasmic reticulum; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; GRP78, glucose regulatory protein 78; PARP, poly ADP ribose polymerase; RT-PCR, reverse
transcriptase-PCR; TUNEL, TdT-mediated dUTP nick end labeling; XBP-1, X-box binding protein 1.
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in kidney sections from TNFa/ mice than wild-type mice
(Figure 3i). As dysregulation of the ER stress pathway has been
shown to cause hepatosteatosis, we examined lipid accumula-
tion in the kidneys of tunicamycin-injected TNFa/ and
wild-type mice by oil red O staining. The staining was
essentially negative in kidney sections from wild-type mice
(Figure 4a), but there was extensive staining in all compart-
ments of the kidney, including glomeruli and tubules of
tunicamycin-treated TNFa/ mice. As these results are in
sharp contrast with previous report of a protective role of
TNFa deficiency in nephrotoxic kidney injury,5,30 we treated
TNFa/ mice with cisplatin. At 48 h after cisplatin injury,
the blood urea nitrogen levels were less elevated in TNFa/
than in wild-type mice (Supplementary Figure S1 online).
Reconstitution of TNFa-deficient mice with TNFa decreases
the severity of acute ER stress kidney injury
TNFa was administered to TNFa/ mice (n¼ 8, 200 ng/
mouse, intraperitoneal) 24 h before tunicamycin injection.
Whereas there was severe tubular injury in TNFa/ mice
(Figure 5a), the injury was markedly diminished by TNFa
reconstitution (Figure 5b). The area of tubular injury was
decreased from 80% in TNFa/ mice to 10% in TNFa-
reconstituted TNFa/ mice (Figure 5c). Tubular alkaline
phosphatase staining was well preserved and urinary excre-
tion of alkaline phosphatase was substantially reduced in
TNFa-reconstituted TNFa/ compared with TNFa/
mice (Figure 5d–f). Although apoptosis was common in
TNFa/ mice (Figure 5g), it was substantially reduced by
TNFa reconstitution (Figure 5h and i). Thus, TNFa
significantly reduced tunicamycin-induced acute kidney
injury in TNFa/ mice.
Acute ER stress injury is more severe in TNFR1/, but
not in TNFR2/ mice
As the actions of TNFa are mediated by TNFR1 and TNFR2,
we studied tunicamycin-treated TNFR1/, TNFR2/,
and TNFR1R2/ mice. The blood urea nitrogen levels
were elevated in tunicamycin-treated TNFR1/ and
TNFR1R2/ mice, whereas the levels were normal
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Figure 2 |Proximal tubular cells are susceptible to endoplasmic reticulum (ER) stress injury. (a) Staining for alkaline phosphatase
(AKP), a marker for proximal tubule in normal kidney. Positive tubules are abundant in renal cortex. (b) The number of AKP-positive tubules
is decreased in mouse kidney 72 h after tunicamycin injection. (c) AKP activity in urine from control mice and mice injected with tunicamycin
(tuni) (n¼ 6 per group). The activity was determined by an enzymatic reaction and was corrected for creatinine levels. **Po0.01 vs control.
(d) Double staining for AKP and apoptosis in the kidney collected from the mouse 72 h after tunicamycin injection. Arrow points to
apoptotic cell. Note that apoptotic cells are localized in AKP-positive tubules. (e) Double staining for aquaporin 2 (a marker for collecting
duct) and apoptosis. Kidney was harvested from the mouse 72 h after tunicamycin injection. Arrow points to apoptotic cell or aquaporin
2-positive tubule. Note that apoptotic cells are not localized in aquaporin 2-positive tubules. (f) Cultured proximal tubular cells (right) and
distal tubular cells (left) were treated with 50 ng of tunicamycin. Apoptotic cells were quantitated by Annexin V staining and flow cytometry.
A total of 31.5% of proximal tubular cells died of apoptosis. (g) Dose-dependent increase in apoptotic cell death occurred in proximal
tubular cells when cells were exposed to tunicamycin. Distal tubular cells (Distal) were much more resistant to tunicamycin-induced cell
death when compared with proximal tubular cells (Proximal). **Po0.01 vs distal tubular cells treated with the same dose of tunicamycin.
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in tunicamycin-treated wild-type and TNFR2/ mice
(Figure 6a). The number of alkaline phosphatase-positive
tubules was substantially reduced and urinary alkaline
phosphatase activity was significantly increased in tunicamy-
cin-treated TNFR1/ and TNFR1R2/ mice (Figure 6b,
and data not shown). The tubular lesions in TNFR2/
mice were minimal (Figure 6), whereas severe tubular injury
that involved 480% of cortex and cortical medullary
junction was found in TNFR1/ and TNFR1R2/ mice
(Figure 6), which was associated with a significant increase in
the number of apoptotic cells. Oil red O staining revealed
lipid accumulation in the kidneys of TNFR1/ and
TNFR1R2/ mice, but not in the kidneys of wild-type
and TNFR2/ mice after tunicamycin injection (Figure 7).
Dysregulation of ER stress responses in the kidneys of
TNFa/ and TNFR1/ mice
As dysregulation of unfolded protein responses contributes to
the increased severity of acute ER stress injury in the liver and
kidneys,15,17 we asked if the severe renal injury seen in
TNFa/, TNFR1/, and TNFR1R2/ mice was caused
by abnormal regulation of the ER stress response. By 48 h
after tunicamycin injection, GRP78 mRNA expression was
significantly increased in the kidneys and there were no
differences between wild-type and all three knockout strains
(Figure 8a). However, GRP94 mRNA levels were more
elevated in tunicamycin-treated TNFa/, TNFR1/,
and TNFR1R2/ mice compared with tunicamycin-treated
wild-type or TNFR2/ mice (Figure 8b). Tunicamycin
induced a fivefold increase in spliced XBP-1 in the kidney,
indicating activation of the XBP-1 pathway (Figures 1b
and 8c). Spliced XBP-1 levels were similar among wild-type,
and TNFa- and TNFa-receptor-deficient mice. The expres-
sion of EDEM (ER degradation-enhancing a-mannosidase-like
protein) mRNA, a gene that is involved in degradation of
unfolded proteins and that is targeted by spliced XBP-1, was
also upregulated to a similar extent among wild-type and all
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Figure 3 |Tumor necrosis factor a (TNFa)/ mice are susceptible to acute endoplasmic reticulum (ER) stress kidney injury. Both
TNFa/ and wild-type mice were injected with tunicamycin (1 mg/g) and killed 72 h later (n¼ 6 per group). (a) Wild-type mouse kidney
shows moderate tubular injury. (b) Extensive tubular injury in TNFa/ mouse kidney. (c) Percentage of injured area in renal cortex.
**Po0.01 vs wild-type mice. (d, e) Although the number of alkaline phosphatase (AKP)-positive proximal tubules is reduced in wild-type
mouse kidney (d), the loss was more prominent in TNFa/ mice (e). (f) Urine excretion of AKP. **Po0.01 vs wild-type mice. (g, h) Double
staining for apoptosis (arrows) and aquaporin 2 in kidneys from wild-type (g) and TNFa/ mice (h). Note that apoptotic cells were visibly
increased in TNFa/ kidney. (i) More apoptotic cell counts in kidneys of tunicamycin-treated TNFa/ mice. **Po0.01 vs wild-type mice.
Figure 4 | Lipid accumulation in kidney of TNFa/ mouse
with acute ER stress kidney injury. Oil red O staining of kidneys
from wild-type (a) and tumor necrosis factor a (TNFa)/
(b) mice 48 h after tunicamycin injection. Extensive staining is
found in TNFa/ kidney.
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of the strains of knockout mice after tunicamycin injection
(Figure 8d). These data suggested that the XBP-1 pathway is an
unlikely contributor to the different degrees of tunicamycin-
induced renal injury in wild-type and TNFa/, TNFR1/,
and TNFR1R2/ mice. C/EBP homologous protein
(CHOP) mRNA expression was more upregulated in
TNFa/, TNFR1/, and TNFR1R2/ mice than in
wild-type or TNFR2/ mice (Figure 8e). Administration of
TNFa at 24 h before tunicamycin injection prevented the
increase in CHOP mRNA levels in TNFa/ mice.
GRP78 protein levels were elevated to a similar degree
in the kidneys of all groups of tunicamycin-treated mice
(Figure 9a). GRP94 protein levels were elevated in the
kidneys from tunicamycin-treated wild-type, TNFa/,
TNFR1/, and TNFR1R2/ mice, but not in TNFR2/
or TNFa-treated TNFa/ mice (Figure 9b). CHOP protein
levels were increased in all groups of mice by tunicamycin
(Figure 9c and d). The levels were higher in all knockout
strains and were not affected by pretreatment with TNFa,
despite the fact that TNFR2/ and TNFa-treated
TNFa/ mice had only mild tunicamycin-induced kidney
injury (Figures 5b and 6e).
Phosphorylated eIF2a levels were elevated in wild-type
kidneys 48 h after tunicamycin injection (Figure 9). The levels
did not increase in the kidneys of tunicamycin-treated
TNFa/ and TNFR1/ mice, and was minimal in the
kidneys of tunicamycin-treated TNFR1R2/ mice. TNFa
pretreatment of TNFa/ mice 24 h before tunicamycin
injection largely restored the kidney response of elevated
eIF2a phosphorylation to tunicamycin in TNFa/ mice.
Additionally, TNFa increased eIF2a phosphorylation in
proximal tubular cells in vitro (Figure 10a). TNFR2/
mice had an intact renal eIF2a phosphorylation response to
tunicamycin.
Insufficient eIF2a phosphorylation in response to tunicamycin
in TNFR1/ proximal tubular cells resulted in increased
cell death
When freshly isolated proximal tubular cells from TNFR1/,
TNFR2/, and wild-type mice were exposed to tunicamy-
cin, more cell death was present in cells from TNFR1/
mice (Figure 10b). To determine if this susceptibility in
TNFR1/ cells was associated with dysregulated ER stress
responses, cells from TNFR1/, TNFR2/, and wild-type
mice were treated with tunicamycin (2 mg/ml) for 12 h. As
expected, mRNA levels of GRP78, spliced XBP-1, and EDEM
were elevated in cells from TNFR1/, TNFR2/, and
wild-type mice after tunicamycin treatment (data not
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Figure 5 |Reconstitution of TNFa/ mice with tumor necrosis factor a (TNFa) substantially reduced the severity of acute
endoplasmic reticulum (ER) stress kidney injury. Recombinant murine TNFa (200 ng/mouse) was given intraperitoneally to TNFa/
mice 24 h before tunicamycin injection. (a, b) Severe renal injury in TNFa/ mice (a) was nearly completely prevented by TNFa (b).
(c) Percentage of injured area in renal cortex. **Po0.01 vs TNFa / mice. (d, e) Alkaline phosphatase (AKP)-positive tubules were largely
lost in tunicamycin-treated TNFa/ mice (d). Giving back TNFa (e) prevented the loss. (f) Increased urinary AKP in tunicamycin-treated
TNFa/ mice were reduced by TNFa. **Po0.01 vs TNFa/ mice. (g, h) Double staining for apoptosis (arrows) and aquaporin 2.
The kidney from tunicamycin-treated TNFa/ mouse (g) shows extensive apoptosis. Putting back TNFa (h) 24 h before the injury largely
prevented the apoptosis in TNFa/ mice. (i) Number of apoptotic cells was counted in kidney sections from tunicamycin-treated
TNFa/ and TNFa-reconstituted TNFa/ mice. **Po0.01 vs TNFa/ mice.
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shown). The levels were comparable among TNFR1/,
TNFR2/, and wild-type proximal tubular cells. However,
phosphorylated eIF2a was increased only in cells from
wild-type and TNFR2/, but not from TNFR1/, mice
after tunicamycin treatment (Figure 10c). We treated these
cells with salubrinol, a chemical inhibitor of phosphorylated
eIF2a phosphatase that has been shown to increase the levels
of phosphorylated eIF2a in multiple cell types.33 Salubrinol
(50 mM) indeed increased the levels of phosphorylated eIF2a
in proximal tubular cells from TNFR1/ as well as wild-
type mice (Figure 10d, and data not shown). Furthermore,
salubrinol significantly reduced the susceptibility of
TNFR1/ proximal tubular cells to tunicamycin-induced
cell death (Figure 10e).
DISCUSSION
We found that TNFa-deficient mice developed much more
severe ER stress injury than wild-type mice, and the injury
was associated with extensive accumulations of neutral lipids.
The fact that reconstitution of TNFa/ mice with TNFa at
24 h before tunicamycin injection completely prevented this
exaggerated ER stress kidney injury suggested that TNFamay
have a direct role in the renal protection against acute ER
stress. TNFa action is transduced by two receptors: TNFR1
and TNFR2. TNFR1-deficient mice developed renal failure
and severe and extensive acute kidney lesions, including
widespread apoptosis and lipid accumulation, whereas
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Figure 6 | Severe acute endoplasmic reticulum (ER) stress kidney injury in tumor necrosis factor receptor-1 (TNFR1)/ and
TNFR1R2/ mice. TNFR1/, TNFR2/, and TNFR1R2/ mice were given tunicamycin and killed 72 h later. (a) Blood urea nitrogen
(BUN) levels were elevated in TNFR1/ mice, but not in wild-type and TNFR2/ mice. **Po0.01 vs wild-type mice. (b) Urinary alkaline
phosphatase (AKP) activity. **Po0.01 vs wild-type mice. (c, d, e, f) Representative renal histology of wild-type (c), TNFR1/ (d), TNFR2/
(e), and TNFR1R2/ (f) mice with tunicamycin-induced injury. Extensive vacuolation and nuclear change are seen in TNFR1/ and
TNFR1R2/ kidneys. (g) Measurement of injured area in renal cortex. **Po0.01 vs wild type mice with tunicamycin injury. (h) Apoptotic
cell number in kidney. *Po0.05, **Po0.01 vs wild-type mice with tunicamycin injury.
Figure 7 | Lipid accumulation in kidneys of TNFR1/ and
TNFR2/ mice with acute ER stress kidney injury. Oil red
O staining of kidneys from (a) wild-type, (b) tumor necrosis factor
receptor-1 (TNFR1)/, (c) TNFR2/, and (d) TNFR1R2/ mice
48 h after tunicamycin injection. Extensive staining is found in
TNFR1/ and TNFR1R2/ kidneys.
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TNFR2/ mice were largely normal after tunicamycin
treatment. These data suggest that the protective action of
TNFa against ER stress-induced tubular cell injury may be
mediated by TNFR1.
ER stress has been found in various forms of acute kidney
injury32,34 and dysregulation of ER stress pathways has been
shown to contribute to the severity of ER stress injury.15,17,18
For instance, cells with a defect in XBP-1 splicing or sustained
PERK activation are susceptible to ER stress-induced cell
death.35,36 In contrast, enhanced IRE1 signaling renders cells
resistant to ER stress-induced cell death.36 Additionally, mice
lacking ATF6a or PERK are susceptible to ER stress injury.9,15
Thus, we sought to determine if the susceptibility of
TNFa/, TNFR1/, and TNFR1R2/ mice to acute
ER stress-induced kidney injury was because of a dysregula-
tion in ER stress pathway(s). The levels of GRP78 mRNA and
protein were similar in tunicamycin-injured kidneys from
wild-type and TNFa and TNFR1 and TNFR2 knockout mice.
There were no differences in spliced XBP-1 and EDEM levels
between kidneys of tunicamycin-treated wild-type and TNFa
and TNFR1 and TNFR2 knockout mice. However, kidneys
from tunicamycin-treated TNFa/, TNFR1/, and
TNFR1R2/ mice had decreased phosphorylated eIF2a.
Reconstitution of TNFa/ mice with TNFa at 24 h before
tunicamycin injection corrected the low levels of eIF2a
phosphorylation in TNFa/ mice kidneys. The finding
that TNFa increased eIF2a phosphorylation in proximal
tubular cells in vitro provides support for the postulate that
TNFa may have a direct role in the regulation of the eIF2a
pathway. Although it is unlikely that TNFa directly activates
PERK leading to phosphorylation of eIF2a, it could act
on other eIF2a kinases, including double-stranded RNA-
dependent protein kinase.37 Phosphorylated eIF2a negatively
regulates eIF2B. As a result, eIF2 activity is reduced and the
initiation of protein translation is arrested. Additionally,
phosphorylated eIF2a coordinates multiple stress response
pathways and activates antioxidant systems.38 Genetic
manipulations that increase eIF2a phosphorylation render
cells resistant to oxidative stress and ER stress.33,38 We
found that the levels of phosphorylated eIF2a were not
significantly increased in kidneys of TNFR1/ mice
subjected to tunicamycin-induced ER stress. This finding
was confirmed in proximal tubular cells isolated from
TNFR1/ mice, as they showed a defect in the eIF2a
phosphorylation response to tunicamycin. On the other
hand, proximal tubular cells from wild-type or TNFR2/
mice responded normally. The inability of TNFR1/
proximal tubular cells to increase eIF2a phosphorylation
after tunicamycin challenge was associated with increased
ER stress-induced cell death. Multiple types of cells treated
with salubrinal, an inhibitor of the phosphatase specific for
phosphorylated eIF2a, showed increased phosphorylated
eIF2a levels and resistance to ER stress-induced cell
death.33 Salubrinal treatment also increased the levels of
phosphorylated eIF2a in proximal tubular cells from
TNFR1/ mice, and substantially decreased the suscept-
ibility of these cells to tunicamycin-induced cell death.
Together with the in vivo findings, these data support the
hypothesis that dysregulation of the eIF2a pathway has a
role in the increased severity of acute ER stress injury in
TNFa/ and TNFR1/ mice.
TNFa may also protect the kidney from acute ER stress-
induced injury via activation of the prosurvival nuclear factor
kB pathway. Although we did not find a change in the
expression of TNFa or its receptors in the kidney after the
induction of ER stress, activation of this pathway may still
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occur under stress conditions because of the near-universal
presence of circulating TNFa as well as a possible increase in
renal TNFa signaling. Nuclear factor kB has been shown to
be activated in ER stress, and ER stress has also been shown
to induce TNFa expression in some cell types.39 Further-
more, TNFR1, and its downstream molecule TNF receptor-
associated factor 2, are activated by ER stress in vitro.40–42
Although the outcome may be cell-type specific, these data
suggest that the TNFa–TNFR1 pathway may be actively
involved in ER stress regulation.
TNFa is known to increase cisplatin nephrotoxicity.30
Multiple mechanisms have been implicated in cisplatin
toxicity, including DNA damage, changes in p21, excessive
reactive oxygen species, ER stress, and inflammation.5,30,43
Thus, we speculate that any protective role that TNFa may
have against ER stress may be overwhelmed by its pro-death
and proinflammatory effects on cisplatin model, in which the
levels of TNFa are significantly elevated. Although TNFamay
also be detrimental in the renal ischemia-reperfusion injury
model, the exact response of TNFa or its receptor-deficient
mice has yet to be examined in this model.
Further studies in animals modified to have different ER
stress response(s) may aid in the understanding of the role of
ER stress on the outcome of acute kidney injury.
MATERIALS AND METHODS
Mice
Female C57B6 mice that were 3–5 months old and were
deficient for TNFa, TNFR1, TNFR2, as well as TNFR1R2
were purchased from Jackson Laboratories (Bar Harbor,
ME). All knockout mice have been back-crossed with C57B6
mice for at least six generations. PCR genotyping was
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performed using protocols published on the Jackson
Laboratory website (http://jaxmice.jax.org/protocols). Wild-
type littermates of mice deficient for TNFa, TNFR2, as well as
TNFR1R2 were used as controls. Mice were housed in a
specific pathogen-free facility with free access to regular diet
and water. All the animal usage and procedures were
approved by the institutional animal care and use committee
of the Mount Sinai School of Medicine.
Tunicamycin-induced acute ER stress
Wild-type C57B6 mice (n¼ 16) and mice deficient for
TNFa/ (n¼ 20), TNFR1/ (n¼ 20), TNFR2/
(n¼ 12), and TNFR1R2/ (n¼ 12) were injected intraper-
itoneally with 1 mg/g per body weight of tunicamycin. Mice
were followed for 2–4 days. After killing, urine, blood, and renal
and liver tissues were collected. Urine alkaline phosphatase
activity was determined by incubating the samples with the
substrate 4-nitrophenyl disodium orthophosphate at room
temperature for 30min. The activity was corrected with the
urine creatinine levels. Blood urea nitrogen levels were
determined by colorimetric method based on the manufac-
ture’s protocol (Teco Diagnostic, Anaheim, CA). TNFa/
and wild-type mice (n¼ 4/group) were also injected with
cisplatin (30mg/kg) and followed for 3 days.
Histology
Kidneys were flushed with phosphate-buffered saline and
then fixed in 4% paraformaldehyde.44 At 48 h after fixation,
tissues were washed and transferred to phosphate-buffered
saline. Tissues were embedded in glycol methacrylate or
low-melting paraffin, and sections were cut at a thickness of
4 mm and stained with periodic acid Schiff.
Immunohistochemistry
Kidney sections were stained for alkaline phosphatase (a
marker for proximal tubules), aquaporin 2 (a marker for
principal cells in collecting duct), and apoptotic cells.
After deparaffinization, sections were incubated with a
reaction buffer containing a red color substrate for alkaline
phosphatase at room temperature for 30min (Zymed
Laboratories, South San Francisco, CA). Aquaporin 2 was
revealed by incubating sections with a rabbit anti-mouse
aquaporin 2 polyclonal antibody (1:20,000) following by a
biotin-conjugated anti-rabbit secondary antibody. After
reacting with an alkaline phosphatase–streptavidin complex,
sections were developed by a blue alkaline phosphatase
substrate (SK-5300, Vector Laboratories, Burlingame, CA).
For apoptotic cell staining, tissues were first digested with
20 mg/ml of proteinase K for 2.5min and then reacted with
terminal deoxynucleotidyl transferase for 1 h. Positive reac-
tions were revealed by peroxidase-conjugated anti-digoxi-
genin and diaminobenzidine. Nuclei were stained with
hematoxylin. The number of apoptotic cells was counted
under  400 magnification. At least ten random fields
in each section were examined. Double staining of
proximal tubular marker or collecting duct marker and cell
apoptosis were also performed in tunicamycin-injured
kidneys. Sections were first stained with alkaline phos-
phatase (red) and then followed by apoptosis staining (brown
or dark). Alternatively, sections were first stained
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with apoptosis (brown or dark) and then followed by
aquaporin 2 (blue).
Western blots
Renal cortices were obtained from control and injured mice
after killing. Tissue proteins were extracted using a lysis
buffer containing proteinase inhibitors.44,45 Equal amounts
of protein were loaded in each lane of sodium dodecyl
sulfate-polyacrylamide gels. After electrophoresis, proteins
were transferred to polyvinylidene fluoride membrane and
blotted with antibody against GRP78 (1:1000; ABR-Affinity
Bioreagents, Golden, CO), phosphorylated eIF2a (1:1000;
Stressgen, Ann Arbor, MI), and CHOP (1:1000; Alexis
Biochemicals, San Diego, CA). Membranes were then
stripped to re-probe with antibody against GRP-94 (1:5000;
ABR-Affinity Bioreagents) or total eIF2a (1:5000; Bethyl
Laboratories, Montgomery, TX), In addition, membranes were
stripped after first or second blotting to re-probe for b-actin.
The blotting for each molecule was repeated at least twice.
Reverse transcriptase-PCR
Total RNA was extracted from renal cortex and reversed
transcribed as described.44,45 XBP-1 mRNA levels were
measured by semiquantitative PCR using the following
primers: forward, 50-AAACAGAGTAGCAGCGCAGACTG
C-30; and reverse, 50-GGATCTCTAAAACTAGAGGCTTGGT
G-30. A total of 35 cycles of PCR was performed with the
annealing temperature of 55 1C. Glyceraldehyde 3-phosphate
dehydrogenase mRNA levels were measured at the same
sample using the previously described primers.45
Real-time PCR
Total RNA was isolated from renal cortex using a PureYield
RNA Midiprep kit (Promega, Madison, WI).44,45 The levels
of GRP78, GRP94, ER degradation enhancing a-mannosidase
I-like protein (EDEM1), and CHOP mRNAs were deter-
mined. The primers were: GRP94 forward, 50-TGAAGGAG
AAGCAGGACAAAA-30 and reverse, 50-AGTCGCTCAACAA
AGGGAGA-30; and EDEM1 forward, 50-TGTGAAAGCCCTC
TGGAACT-30 and reverse, 50-AATGGCCTGTCTGGATGTT
C-30. The mRNA levels were corrected by the levels of b-actin
mRNA.
Proximal tubular cell and cortical distal tubular cell culture
and the measurement of apoptosis
A proximal tubular cell line and a cortical distal tubular cell
line obtained from mouse transgenic for SV40 T antigen were
kindly provided by Dr Nelison and Dr Friedman.46,47 Cells
were grown in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum. To examine the effect of ER
stress on cell death, 1 104 cells were seeded into each well of
a 24-well plate. Some wells were treated with increasing
dosage of tunicamycin (20–200 ng/ml). After 24 h, both
attached cells and cells in suspension were collected and
processed for staining with a rabbit anti-Annexin V antibody
(4mg/ml; Novus Biologicals, Littleton, CO). Positive cells
were revealed by a second antibody conjugated with
fluorescein isothiocyanate and were counted by flow
cytometry. Additionally, cell viability was also determined
by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) assay. Moreover, primary proximal tubular
cells were isolated from 2- to 3-month-old TNFR1/,
TNFR2/, and wild-type mice. Cells (1 104/well in a
24-well plate) from these mice were exposed to 0.6–1.2 mg/ml
of tunicamycin. After 24 h, cells were gently washed and
collected for MTT. To determine the effect of increased eIF2a
phosphorylation on tunicamycin-induced cell death in
TNFR1/ proximal tubular cells, cells were pretreated with
salubrinal (an inhibitor of phosphorylated eIF2a phospha-
tase; 20–75 mM) for 2 h before the addition of tunicamycin.33
The levels of phosphorylated eIF2a were determined in
salubrinal-treated TNFR1/ proximal tubular cells by
western blot. Some wild-type and TNFR1/ proximal
tubular cells were also treated with TNFa (10 ng/ml) to
determine its effect on eIF2a phosphorylation.
Statistical analysis
Values were expressed as mean±s.d. Analysis of variance or
two-tailed unpaired t-test was used to evaluate the differences
between the means. Significance was defined as Po0.05.
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